INTRODUCTION
============

The regulation of gene expression in all organisms from the simplest organisms to man involves modulation of the binding properties of protein/nucleic acid complexes, in most cases by small ligands, other protein partners or post-translational modifications. Besides changes in the affinity and stoichiometry of the complexes, transcription activation is often coupled to changes in cooperative interactions that dominate the assembly reaction ([@B1; @B2; @B3; @B4; @B5]). However, for most transcription factors the mechanisms underlying cooperativity are poorly understood. Structural information of the highest resolution possible is the key to elucidating the fine mechanisms of these regulatory events ([@B6; @B7; @B8; @B9; @B10]). However, given their modular nature and dynamic properties, atomic resolution structures of these proteins and their complexes with nucleic acids are often limited to particular domains or certain conformations and hence provide little information concerning the complex dynamic equilibria implicated in the control of their function. In such cases, the limited structural data must be complemented by information from other methods that determine the size, shape, composition and energetics of these complexes under a variety of conditions.

Metabolic pathways for the utilization of carbohydrates in bacteria are highly regulated at the level of gene expression ([@B11; @B12; @B13]). We have been interested in understanding the molecular mechanisms of transcriptional regulation that accompany the switch between glycolysis and gluconeogenesis in *Bacillus subtilis*. In this microorganism as well as other Gram-positive bacteria, two different enzymes, GapA and GapB, catalyze the inter-conversion of triose phosphates at a central control point in glycolysis ([@B14]). GapA is a NAD-dependent glyceraldehyde 3-phosphate dehydrogenase (GAPDH) that is produced and functions only under glycolytic conditions to produce 1,3-bisphosphoglycerate. GapB, on the other hand, is a NADP-dependent GAPDH that performs the reverse reaction under gluconeogenic conditions. At the level of transcription, the expression of the genes encoding GapA and four other key glycolytic enzymes is under the direct control of the Central glycolytic genes Repressor (CggR), the product of the first gene of the hexacistronic *gapA* operon ([@B14; @B15; @B16; @B17]).

CggR is a member of the SorC family of bacterial transcriptional repressors, characterized by an N-terminal DNA-binding domain (DBD) followed by a phospho-sugar binding (PSB) domain homologous to glucosamine-6-phosphate deaminases from the NagB family ([@B18]). Other characterized members of this family are the sorbitol operon regulator SorC from *Klebesiella pneumoniae* ([@B19]) and the deoxyribonucleoside repressor DeoR from *B. subtilis* ([@B20],[@B21]). Within this family, CggR and its paralogs in other Gram-positive bacteria define a subclass of repressors with a 100-residue-long DBD predicted to contain a MarR-type winged-helix (wH) motif ([@B17],[@B18]). Recently, a few crystal structures from SorC family members have been deposited in the Protein Data Bank, notably several liganded forms of the PSB domain from *B. subtilis* CggR ([@B22]) and the full-length structure of *K. pneumoniae* SorC ([@B23]). Identification of DNA operator sequences and effector ligands have been limited to *B. subtilis* DeoR (not structurally related to *Escherichia coli* DeoR) ([@B24]) and CggR ([@B17]). Recently, we have studied in detail CggR interactions with operator DNA using fluorescence anisotropy and other biochemical and biophysical approaches. These studies demonstrated that CggR interacts as a tetramer with the tandem DNA repeats forming the *gapA* operator. Each direct repeat constitutes the binding site for one CggR dimer, the dissociation constant (*K*~D~) being over a 100-fold lower for the 3′-repeat (right half-operator *O*~R~, *K*~D~ \< 0.5 nM) than for the 5′-repeat (left half-operator *O*~L~, *K*~D~ = 50 nM) ([@B25]). We showed that this asymmetric binding is compensated by a highly cooperative mode of interaction on the full-length operator (*O*~LR~) and that the inducer metabolite, fructose 1,6-bisphosphate (FBP), has a strong negative effect on this interaction, the cooperative free energy dropping from 2.3 kcal/mol in the absence of FBP to 0.5 kcal/mol in the presence of 2 mM FBP ([@B25]). Besides the inhibition of repressor/operator binding cooperativity, FBP is also responsible of CggR conformational changes modifying the oligomerization and stability of the protein ([@B26]). However, no structural data has yet been provided on the CggR/operator complex and the molecular features responsible for its inducer-dependent cooperative assembly remain unknown.

In the present work, we used small-angle X-ray scattering (SAXS) in combination with size-exclusion chromatography (SEC), fluorescence cross-correlation spectroscopy (FCCS) and noncovalent mass spectrometry (MS) in order to characterize CggR/DNA complexes. SAXS is now a commonly used technique to obtain information on the size, shape, domain organization and interactions of biomacromolecules in solution. In addition to direct measurement of particle size parameters, SAXS data analysis also allows *ab initio* shape determination as well as rigid-body modeling of low-resolution structures, thanks to recently developed methods especially powerful for the characterization of macromolecular complexes \[for review, see ([@B27],[@B28],[@B29])\]. In a limited but growing number of studies, SAXS has been employed to probe protein/nucleic acid interactions and determine solution structures of DNA complexes with proteins such as the tumor suppressor P53 ([@B30],[@B31]), DNA polymerase ([@B32]), the basic helix-loop-helix leucine zipper domain from the human upstream stimulatory factor 1 ([@B33]) or proteins interacting with the herpes simplex virus 1 origin of replication ([@B34]). In all these studies, SAXS experiments have been combined with other biophysical methods such as analytical ultra-centrifugation, NMR, X-ray crystallography and electron microscopy.

Here, SAXS together with SEC, FCCS and MS experiments were performed with the CggR repressor bound to its full-length operator (*O*~LR~) DNA or the high-affinity right half-site (*O*~R~) under repressing or inducing condition, i.e. in the absence or in the presence of the inducer metabolite FBP. The ensemble of size and mass parameters retrieved from these experiments were then integrated to construct rigid-body models of the inducer-free and inducer-bound forms of the CggR/operator DNA complexes. Altogether our results demonstrate that CggR binds as a compact tetramer to its DNA target and that FBP binding abolishes dimer/dimer bridging interactions, allowing us to draw the schematic of a cooperativity-based regulation model for the repression/induction of *gapA* expression. Moreover, the relative high resolution of noncovalent mass spectra provided experimental support on inducer binding specificity and stoichiometry. This study illustrates how, in the absence of high-resolution 3D data on protein/DNA complexes, a multidisciplinary approach combining classical and state-of-the-art biophysical methods can be applied to elucidate the structural mechanisms underlying transcriptional regulation.

MATERIALS AND METHODS
=====================

Preparation of protein/DNA complexes
------------------------------------

The CggR protein fused to an N-terminal His-tag was purified by affinity chromatography as described previously ([@B25]). The molecular weight (MW) of the purified protein monomer measured by MS was 38 780.3 ± 0.8 Da, in very good agreement with the MW calculated from the theoretical amino acid sequence (38 780.8 Da) ([@B35]).

The oligonucleotides corresponding to the full-length operator site (*O*~LR~, 45 bp, 5′-TGACGGGACGTTTTTTGTCATAGCGGGACATATAATGTCCAGCAA-3′) or the high-affinity right half-site operator (*O*~R~, 23 bp, 5′-TAGCGGGACATATAATGTCCAGC-3′) were purchased from Eurogentec ([Figure 1](#F1){ref-type="fig"}a). The sense and anti-sense strands at 50 µM each were hybridized in TE buffer, 250 mM NaCl by heating to 90°C for 10 min and slowly cooling down to room temperature using a thermocycler. Complexes were formed by mixing the purified protein and DNA at a molar ratio of 4 : 1 (*O*~LR~) or 2 : 1 (*O*~R~) (protein/DNA) in a final volume of 500 µl, with ∼10% excess of protein. Protein/DNA complexes were purified by SEC on Superdex 200 HR 10/30 (GE Healthcare) pre-equilibrated with 20 mM Tris--HCl pH 8.0, 150 mM NaCl, 2 mM EDTA and 2 mM DTT. The protein/DNA complexes eluted in a single peak and the most concentrated fractions (500 µl) were pooled and eventually concentrated to a final protein concentration of 1 mg/ml as estimated by Bradford assay. Figure 1.The SEC and SAXS data of CggR**/**DNA complexes. (**A**) The *B. subtilis gapA* operator region targeted by the CggR repressor. The nucleotide sequence of the CggR-binding region identified by DNase I footprinting experiment ([@B17]) is shown, located 25-bp downstream of the transcription start (+1), and upstream of the translation initiation codon of *cggR*, the first coding sequence of the hexacistronic *gapA* operon ([@B15]). The full-length operator sequence *O*~LR~ is composed of two tandem repeats (long arrows), *O*~L~ and *O*~R~, each comprising a small palindrome (small black arrows) proposed to constitute the recognition motif for one CggR dimer ([@B25]). Indicated bellow is the length of the DNA fragments and the color code used in [Figure 1](#F1){ref-type="fig"} (**B--D**) for representing SEC and SAXS data obtained with the different CggR**/**DNA complexes in the presence**/**absence of the inducer metabolite FBP. (B) Elution profiles of 250 µl samples of purified CggR**/**DNA complexes (colored curves) at 1 mg/ml (protein concentration) and injected on Superdex 200 HR10/30 (GE Healthcare) at a flow rate of 0.5 ml/min in 150 mM NaCl, 20 mM Tris-HCl pH 8, 2 mM EDTA, 2 mM DTT, eventually supplemented with 0.5 mM FBP (red and green curves). Black curves, dsDNA alone corresponding to the full-length operator (*O*~LR~, 45 bp, dotted line) or the right half-site (*O*~R~, 23 bp, plain line). (C) Comparison of the normalized scattering profiles of CggR**/**DNA complexes in the presence and absence of FBP \[identical samples and buffer condition as in (B)\]. (D) Distance distribution function, *P*(*r*), computed from the experimental scattering data and normalized to the maximum value of unity using GNOM ([@B39]).

SEC
---

The SEC experiments were conducted at room temperature on Superdex 200 HR 10/30 using Akta purifier (GE Healthcare) in 20 mM Tris--HCl pH 8.0 containing 150 mM NaCl, 2 mM EDTA and 2 mM DTT (running buffer). Samples (250 µl) of purified CggR/DNA complexes at 1 mg/ml (protein concentration) were injected on the pre-equilibrated column at a flow rate of 0.5 ml/min and the elution profiles were continuously monitored with an online detector at a wavelength of 280 and 260 nm. For SEC experiments in the presence of FBP, samples were incubated with 2 mM FBP for 5 min before injection on the column equilibrated with the running buffer containing 0.5 mM FBP. Protein standards (purchased from GE Healthcare) used for column calibration under the same experimental conditions, and their corresponding Stokes radii, *R*~S~, were ovalbumin (30.5 Å), bovine serum albumin (35.5 Å), aldolase (48.1 Å), ferritin (61 Å) and thymoglobulin (85 Å). The void volume was determined from blue dextran and the bed volume from conductivity measurements. The partition coefficient, *K*~av~ = (*V*~e~ -- *V*~0~)/(*V*~t~ -- *V*~0~), was calculated, where *V*~e~, *V*~t~ and *V*~0~ are the elution volumes of the protein samples, total bed volume and void volume, respectively ([@B36]). Calibration curves in the absence or in the presence of FBP were obtained by plotting the Stokes radius of the standard proteins versus *K*~av~, and the Stokes radius of the CggR/DNA complexes were calculated from each curve although no significant difference was noticed between the two curves (data not shown).

SAXS
----

The SAXS data were collected on the EMBL X33 beamline with a linear gas detector on the storage ring DORIS III \[Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany\]. Samples containing protein/DNA complexes were prepared in 20 mM Tris--HCl pH 8.0, 150 mM NaCl, 2 mM EDTA, 2 mM DTT at a concentration of 1 mg/ml of protein as determined by Bradford assay. No radiation damage was noticed during data acquisition. All SAXS data were analyzed using the ATSAS package ([@B37]). Data were first processed using PRIMUS ([@B38]). Radii of gyration (*R*~g~) were evaluated using the Guinier approximation ([@B39]) and the excluded volume *V*~p~ of the particles was computed from the Porod invariant ([@B40]). The pair-distance distribution functions *P*(*r*) were calculated from the entire scattering patterns using the indirect transform program GNOM ([@B39]) and manual adjustment of the particles maximum diameter (*D*~max~). *R*~g~ data were also computed from GNOM and these values were in excellent agreement with the results of the Guinier analysis.

Fluorescence labeling of DNA and cross-correlation spectroscopy
---------------------------------------------------------------

An oligonucleotide corresponding to the sense strand of the right half-operator (*O*~R~) site was purchased from Sigma Genosys with a 5′-reactive amine group. Labeling with Atto 647N succinimidyl ester dye (Invitrogen) was performed by adding a 10-fold molar excess of the dye to the oligonucleotide in 0.1 M Sodium Borate pH 9 buffer. The reaction was allowed to proceed at room temperature for 3 h with continuous agitation. The reaction was stopped by adding 10% Tris--HCl 1 M and after ethanol precipitation, the labeled oligonucleotide was further purified using reverse phase chromatography on a C2--C18 column. The anti-sense *O*~R~ oligonucleotide was purchased 3′-labeled with fluorescein from Eurogentec as well the complementary unlabeled oligonucleotides. Hybridization of complementary strands was performed as described above, using a 10% molar excess of the non-labeled strand.

Two-photon, two-color FCCS (2γFCCS) was performed as described in Zorilla *et al.* ([@B41]) using a two-channel APD-based detector (ISS, Champaign, IL, USA). Excitation from a femtosecond pulsed infrared laser (MaiTai, Newport/Spectra Physics, Mountain View, CA, USA) was focused through a 63X 1.4NA oil immersion objective (Zeiss Apochromat) onto a 10-µl pegylated sample chamber containing the fluorescent sample of interest. The excitation wavelength used was 780 nm at a laser power of 10 mW on the back aperture of the objective. The power and wavelength were selected for optimal excitation of the two fluorophores used (Fluorescein and Atto647N) and the excitation power was chosen to give the best signal while avoiding saturation and photo bleaching effects ([@B42]). Infrared light was filtered from the detected light by using a 700-nm low-pass dichroic filter (Chroma Technology Corporation, Rockingham, VT). Emitted light was then split at 505 nm by another low-pass dichroic filter (Chroma). Light was then detected by two avalanche photodiodes (Perkin Elmer) and recorded at 2.4 MHz by a data acquisition card (ISS, Champaign, IL). FCCS measurements were performed at 20°C in 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA, 2 mM DTT. The concentration of the labeled double-stranded DNA fragments was 60 nM that of the protein 300 nM in monomer units and FBP was added at 0.5 mM. Auto and cross-correlation functions were calculated from the photon streams of the two detection channels as previously described ([@B41]).

Noncovalent MS
--------------

Before MS experiments, CggR/DNA complexes were buffer exchanged against 150 mM ammonium acetate solution pH 8.0 (adjusted with ammonia) using seven successive concentration/dilution steps performed with centrifugal concentrators (Vivaspin, 30 kDa MW cutoff membranes, Sartorius, Göttingen, Germany). Protein concentration was determined by Bradford assay. FBP trisodium salt hydrate, fructose-6-phosphate (F6P) disodium salt hydrate and glucose-1,6-bisphosphate (GBP) tetra(cyclohexylammonium) salt hydrate were purchased from Sigma Aldrich (Steinheim, Germany).

Noncovalent MS experiments were performed on an electrospray time-of-flight mass spectrometer (LCT, Waters, Manchester, UK) equipped with an automated chip-based nanoelectrospray (nanoESI) source (Triversa Nanomate, Advion Biosciences, Ithaca, NY, USA). Mass spectra were recorded in the positive ion mode over the mass range *m*/*z* 500--12 000 after calibration with a solution of cesium iodide at 2 g/l in 1:1 water:isopropanol. Experiments were performed by diluting samples in 150 mM ammonium acetate buffer pH 8.0. Instrumental settings were carefully tuned in order to preserve the integrity of noncovalent assemblies in the gas phase while ensuring an optimal ion desolvation and transmission through the mass spectrometer. Particularly, the pressure (*Pi*) in the first pumping stage of the instrument was set to 7 mbar while the accelerating voltage applied on the sampling cone (*Vc*) was set to 200 V. Data analysis was performed with MassLynx 4.1 (Waters, Manchester, UK).

Molecular modeling
------------------

Since only the atomic structure of the CggR C-terminal domain has been determined experimentally ([@B22]), we constructed the N-terminal DBD of CggR (whCggR, residues 1--87) by homology modeling of the wH motif. Three different wH-containing proteins in complex with DNA available in the Protein Data Bank (PDB) were used as templates, from the diphtheria tox repressor DtxR (PDB ID: 1F5T) ([@B43]), the arginine repressor AhrC (PDB ID: 2P5L) ([@B44]) and the organic hyperoxide resistance protein regulator, OhrR from the MarR family (PDB ID: 1Z9C) ([@B45]). Automatic alignments retrieved from \@TOM-2 ([@B46]) (<http://atome.cbs.cnrs.fr/AT2/meta.html>) were manually refined using ViTO ([@B47]) and models of whCggR dimers bound to the unmodified template DNA fragments were generated using MODELLER (<http://salilab.org/modeller>). The structure of a 23-bp DNA fragment having the *O*~R~ sequence was then modeled using make-na server (<http://structure.usc.edu/make-na/server.html>) and substituted for the original DNA templates used for constructing the whCggR dimers. For this, the center of symmetry of the template palindromic sequence was manually aligned with that of the small palindrome forming the recognition motif for the CggR dimer as proposed by Zorilla *et al.* ([@B25]) ([Figure 1](#F1){ref-type="fig"}A). The structure of the 45-bp full-length operator DNA (*O*~LR~) was modeled with the 1Z9C-derived whCggR dimer bound in tandem to the half-site palindromes.

Models of the full-length CggR/DNA complexes fitting the SAXS data were generated by rigid body refinement using the program SASREF ([@B48]). SASREF constructs molecular models from domains or subunits with known structure by rigid body movements and rotations. Starting from an arbitrary or prefixed initial configuration, the program employs simulated annealing to construct an interconnected model without steric overlaps fitting single data sets from the entire complex. Here, we used the different modeled structures of the whCggR/DNA complexes and the high-resolution structure of the C-terminal CggR regulatory domain (rdCggR, residues 89--340) determined by crystallography (PDB ID: 2OKG chain A) ([@B22]). For rigid-body modeling of the full-length CggR dimer or tetramer bound to DNA, the whCggR/*O*~R~ or whCggR/*O*~LR~ modeled structure was fixed and the rdCggR domains were free to move as independent units. The distance restraint between the C-terminus of the whCggR domains and the first residue of rdCggR units was fixed to different values (1, 2, 3, 4, 5, 6, 8, 10 or 12 Å) and no symmetry constraints were included in the final models. When possible, SASREF modeling was repeated until obtaining if possible 10 different models that fitted the scattering data with an experimental chi value (*χ*~e~) \< 1.5. The theoretical Stokes radius and radius of gyration of the SASREF atomic models were calculated using HYDROPRO ([@B49]).

RESULTS
=======

Size parameters of the CggR/DNA complexes determined by SEC and SAXS
--------------------------------------------------------------------

SEC, or analytical gel filtration, is a classical method for the characterization of diffusive properties of molecules related to their size and shape ([@B36]). From calibration curves with macromolecules of known diffusion coefficients, one can measure the Stokes radius (*R*~s~), or hydrodynamic radius, which corresponds to the radius of a hard sphere that elutes at the same rate as the molecule of interest. A more extended molecule will, in general, have a larger Stokes radius compared to a more compact molecule of the same MW. Similarly, the radius of gyration (*R*~g~), usually determined by SAXS, quantifies the spatial extent of the molecular structure. The hydrated volume (or Porod volume, *V*~p~) and the maximum diameter (*D*~max~) of the diffusing particles are two other sized parameters that can be directly retrieved from scattering data.

SEC and SAXS were used here to determine the size parameters of CggR/DNA complexes with or without FBP (summarized in [Table 1](#T1){ref-type="table"}). [Figure 1](#F1){ref-type="fig"}B shows the SEC profiles of CggR bound to a double-stranded (ds) oligonucleotide corresponding to the full-length operator sequence of the *gapA* operon (*O*~LR~, 45 bp), or the high-affinity right half-operator site (*O*~R~, 23 bp) ([Figure 1](#F1){ref-type="fig"}A). As previously observed ([@B26]), the CggR protein alone showed a highly polydisperse elution profile indicating the presence of mainly high-order oligomers (data not shown). In contrast, no protein aggregate was observed in the presence of DNA and all the CggR/DNA complexes eluted in a single peak, with an eventual slower minor peak corresponding to unbound DNA. Table 1.Molecular sizes and mass of CggR**/**DNA complexes alone or with FBPComplex*R*~s~ (nm)*R*~g~ (nm)*D*~max~ (nm)*V*~p~ (nm^3^)MassCggR**/***O*~LR~5.4 ± 0.24.46 ± 0.1614 ± 1202 ± 20182 868 ± 9CggR**/***O*~R~5.4 ± 0.24.23 ± 0.0913 ± 1227 ± 20183 356 ± 5^a^CggR**/***O*~LR~ + FBP5.8 ± 0.25.38 ± 0.1117 ± 2280 ± 30183 900 ± 7^a^CggR**/***O*~R~ + FBP4.6 ± 0.23.72 ± 0.1011 ± 1125 ± 1092 350 ± 3^a^[^1]

In the absence of FBP, the CggR complexes with the full DNA target *O*~LR~ or with the right half-operator *O*~R~ eluted in the same volume (blue and magenta curves, respectively, in [Figure 1](#F1){ref-type="fig"}B), corresponding to molecules having an *R*~s~ of 5.4 ± 0.2 nm. These complexes also produced nearly identical SAXS profiles ([Figure 1](#F1){ref-type="fig"}C), from which equivalent size parameters were determined (*R*~g~ = 4.2--4.5 nm, *D*~max~ = 13--14 nm, *V*~p~ = 200--230 nm^3^). The pair--distance distribution function *P*(*r*), which measures the distribution of pairwise interatomic distances within the molecule, demonstrated the strong similarity between the two complexes ([Figure 1](#F1){ref-type="fig"}D). These results suggest that both inducer-free CggR/DNA complexes present a similar size and shape despite the 50% shorter length of the *O*~R~ DNA fragment with respect to the full-length *O*~LR~ target. They are consistent with a model in which two CggR/*O*~R~ complexes interact together to form a macromolecular assembly that is structurally equivalent to the CggR/*O*~LR~ complex.

Upon addition of 0.5 mM FBP, the SEC profiles show that the elution peaks corresponding to the free DNA fragments did not increase, indicating that at the rather high concentrations used for these experiments, the repressor protein remains bound to its operator sequences in the presence of inducer (red and green curves in [Figure 1](#F1){ref-type="fig"}B). However, the hydrodynamic properties and the SAXS profiles of the CggR/*O*~LR~ and CggR/*O*~R~ complexes changed significantly. In the case of the full-length operator/repressor complex (red curves in [Figure 1](#F1){ref-type="fig"}) addition of 0.5 mM FBP resulted in a slight increase of the determined Stokes radius (*R*~s~ = 5.8 ± 0.2 nm), radius of gyration (*R*~g~ = 5.38 ± 0.11 nm), maximal diameter (*D*~max~ = 17 ± 2 nm) and excluded volume (*V*~p~ = 280 ± 30 nm^3^) as well as a significant change of the *P*(*r*) pattern. These results indicate that the CggR/*O*~LR~ complex conserves the same stoichiometry but in a more extended conformation in the presence than in the absence of FBP. Indeed, the frictional coefficient \[the ratio of *R*~g~ over *R*~s~ which provides information on the distribution of mass in a macromolecule, ([@B36])\] has a value of 0.928 for the FBP-bound CggR/*O*~LR~ complex and 0.826 for the FBP-free form, respectively, indicating that the shape of the former deviates substantially from that of a globular molecule approximated to a hard sphere \[*R*~g~/*R*~s~ = (3/5)^1/2^ = 0.775\].

In contrast, addition of the effector ligand to the CggR/*O*~R~ complex (green curves in [Figure 1](#F1){ref-type="fig"}) induced a large decrease of all the size parameters ([Table 1](#T1){ref-type="table"}): *R*~s~ dropped from 5.4 to 4.6 ± 0.2 nm, *R*~g~ from 4.23 ± 0.09 nm to 3.72 ± 0.10 nm and *D*~max~ from 13 ± 1 nm to 11 ± 1 nm and the excluded volume of the particles was reduced by half. These observations suggest that the assembly of two CggR/*O*~R~ complexes observed under repressing condition is disrupted upon addition of the inducing sugar.

Disruption of protein--protein contacts revealed by FCCS
--------------------------------------------------------

In order to further test our molecular interaction model for the CggR/*O*~R~ complex, we employed 2γFCCS. The 2γFCCS is a very robust single-molecule-based method for detecting interactions between differently labeled molecules based on their concomitant diffusion through the very small two-photon excitation volume (\<0.5 fl) ([@B50],[@B51]). Here we performed 2γFCCS experiments with dsDNA fragments of the *O*~R~ right half-operator labeled with either a red (Atto647N) or green (fluorescein) light emitting fluorophore. A mixture containing both fluorescent dsDNAs at 60 nM and no protein produced no significant cross-correlation signal (black curves in [Figure 2](#F2){ref-type="fig"}), showing the absence of cross talk between the two detection channels and indicating that the labeled DNA strands were not cross hybridizing or aggregating ([Figure 2](#F2){ref-type="fig"}A). Addition of CggR at 300 nm to this DNA mixture led to a strong correlation signal, providing evidence for a protein-dependent interaction between the two DNA species ([Figure 2](#F2){ref-type="fig"}C). The maximum amplitude of the cross-correlation function \[*G~x~*(*0*)\], which is related to the concentration of co-diffusing red and green dyes, was ∼30% of that of the autocorrelation functions retrieved from each detection channel \[*G~i~*(*0*)\]. Given that the DNA probes are ∼80% labeled, this value of 30% (instead of a theoretical value of 50% if both probes were 100% labeled) indicates that most of the target oligonucleotides associate to form stable complexes with the CggR protein. As predicted by our molecular interaction model, this ternary complex was disrupted by the inducer metabolite, as visualized by the complete loss of cross correlation signal upon addition of FBP ([Figure 2](#F2){ref-type="fig"}D). Meanwhile, the diffusion time through the observation volume of the labeled particles (132 ± 7 µs) remained significantly higher than that of the DNA fragments alone (78 ± 4 µs), indicating that, although, the DNA probes are no longer co-diffusing in the presence of FBP, they are not free but still associated to the protein, as observed above by SEC and SAXS. It can thus be concluded that the physical link that allows the self-association of the half-operator DNA molecules involves protein--protein contacts that are disrupted upon induction with FBP. Figure 2.Auto- and cross-correlation profiles recovered from FCCS measurements with Atto-647N*-*labeled or fluorescein*-*labeled oligonucleotides corresponding to the CggR *O~R~* half-site operator in the presence**/**absence of the repressor and the inducer metabolite FBP. Schematics of the labeled DNAs and protein present in the sample chambers are shown. Red, blue and black curves correspond to the autocorrelation traces recorded in the red (675 nm) and blue (525 nm) detection channels and the cross-correlation curve, respectively. (**A**) A mixture of the singly labeled dsDNA fragments showing the absence of cross-correlation signal. (**B**) A doubly labeled DNA hybrid serving as positive control of cross-correlation. The difference in the maximum amplitude of the auto- and cross-correlation function (*G*(0)) denotes the partial labeling and hybridization of the two labeled DNA strands. (**C**) Cross-correlation upon addition of the repressor protein to the singly labeled DNA mixture of panel (A), evidencing the CggR-mediated assembly of the DNA fragments. (**D**) Loss of cross correlation signal upon addition of the inducer metabolite to the protein**/**DNA mixture of panel (C), evidencing the FBP-induced disruption of the CggR**/**DNA ternary complex. Concentration was 60 nM for the labeled DNA fragments, 300 nM for CggR (monomer unit) and 0.5 mM for FBP.

Stoichiometry of the CggR/DNA/sugar complexes probed by noncovalent MS
----------------------------------------------------------------------

The use of MS under conditions that preserve noncovalent complexes has previously been reported for the determination of protein oligomerization state and the study of protein/ligand interactions \[for review, see ([@B52])\]. Recently, noncovalent MS has also encountered a growing success for the characterization of protein/oligonucleotide complexes ([@B53; @B54; @B55]). In the present study, we used noncovalent nanoESI-MS to determine the stoichiometry of the different CggR/DNA complexes as well as to retrieve information on the specificity and stoichiometry of binding of the effector ligand.

In the case of the *O*~LR~ full-length operator, mass measurements confirmed the formation of a tetrameric 4:1 CggR/*O*~LR~ complex that is preserved upon FBP addition ([Table 1](#T1){ref-type="table"}). The complex formed between CggR and the *O*~R~ right half-operator was analyzed here in more details. The nanoESI mass spectrum recorded in the absence of FBP ([Figure 3](#F3){ref-type="fig"}A) revealed the presence of an intense ion distribution in the mass range *m*/*z* 7000--9000 with a measured MW of 183 356 ± 5 Da corresponding to a macromolecular assembly containing four CggR subunits and two *O*~R~ dsDNA oligonucleotides (4:2 CggR/*O*~R~ complex, theoretical MW = 183 298 Da). An additional minor species was also detected in the mass range *m*/*z* 4000--6000 with measured MW (91 664 ± 5 Da) consistent with the presence of a small proportion of the dimeric protein bound to one *O*~R~ dsDNA (2:1 CggR/*O*~R~ complex, theoretical MW = 91 649 Da). Note that the MW determined for these protein/DNA complexes, or for the CggR protein alone under non-denaturing conditions ([@B35]) rules out the possibility that some carbohydrate ligand may have co-purified with the protein, in contrast to the protein preparation used for crystallization by Rezacova *et al.* ([@B22]). Figure 3.Noncovalent MS analysis of CggR interaction with the *O*~R~ half-operator DNA and assessment of inducer binding specificity. The CggR**/***O*~R~ complex was diluted to 3 µM in 150 mM ammonium acetate buffer at pH 8.0 and analyzed either (**A**) alone or in presence of 30 µM (**B**) FBP, (**C**) F6P or (**D**) GBP. Chemical representations of the phospho-sugars are shown on the left. Insets on the right represent enlarged mass spectra showing the +20 charge state of the 2:1 CggR**/***O*~R~ complex and the +23 charge state of the 4:2 CggR**/***O*~R~ complex. Circled numbers correspond to the number of phospho-sugar molecules bound to each complex. Similar results were obtained when adding the phospho-sugars at 60 µM (data not shown).

The effect of FBP was then probed by incubating the CggR/*O*~R~ complex (3 µM) in the presence of a 10-fold molar excess of the inducing sugar. This led to a complete and symmetrical dissociation of the tetrameric 4:2 CggR/*O*~R~ complex into the dimeric 2:1 CggR/*O*~R~ complex ([Figure 3](#F3){ref-type="fig"}B). Under identical experimental and instrumental conditions, neither F6P nor GBP was able to fully dissociate the tetrameric 4:2 CggR/*O*~R~ assembly ([Figure 3](#F3){ref-type="fig"}C and D). Similar results were obtained using fructose-1-phosphate (F1P) or a 20-fold molar excess (60 µM) of these phospho-sugars (data not shown). These observations are in good agreement with our previous studies on CggR/DNA interactions by fluorescence anisotropy which showed that none of these phospho-sugars can prevent the cooperative binding of CggR to its target DNA as FBP does ([@B18]). It is also noteworthy that the marginal peaks detected in the mass range corresponding to the 2:1 CggR/*O*~R~ complex are slightly more intense in the case of F6P than of GBP, which is also in good agreement with our previous findings indicating that F6P at high concentration (\>5 mM) can indeed alter CggR/DNA-binding cooperativity ([@B18]). Unfortunately, the effect of the different sugars at high concentrations could not be tested here because of severe reduction in the signal-to-noise ratio of the mass spectra.

Interestingly, a close up on the most intense ionization peaks of the nanoESI mass spectra ([Figure 3](#F3){ref-type="fig"}, right insets) revealed the presence of several molecular species with MW incrementing by exactly the mass of the added phospho-sugars. In case of FBP, the most populated state corresponded to the dimeric CggR/*O*~R~ assembly with two inducer molecules (2:1:2 CggR/*O*~R~/FBP, MW = 92 350 ± 3 Da) but the complexes with three- or four-bound FBP molecules were also present in significant amount. Mass spectra obtained in the presence of F6P and GBP ([Figure 3](#F3){ref-type="fig"}C and D) not only evidenced the binding of these sugar ligands to the dimeric CggR/*O*~R~ complex, but also to the tetrameric 4:2 CggR/*O*~R~ complex. Hence, these phospho-sugars could associate with the protein without disrupting the CggR tetramer. Moreover, at the concentration used for nanoESI MS experiments (30 µM), only one or two F6P or GBP adducts were visualized with the CggR/DNA complexes whereas up to four FBP molecules remain associated to the dimeric complex, i.e. two FBP per CggR monomer. Similarly, in the case of the CggR tetramer bound to the full-length operator, the most abundant species observed at 30 µM FBP corresponded to the 4:1:3 CggR/*O*~RL~/FBP complex (MW = 183 900 ± 7 Da, [Table 1](#T1){ref-type="table"}) but species with more than one sugar moiety per protein subunit were also detected with FBP and not with F1P ([@B35]). As discussed hereafter, these results could be explained by the presence in CggR of two distinct sugar-binding sites having different affinity and specificity for phosphorylated ligands.

Rigid-body models of CggR/DNA complexes
---------------------------------------

The ensemble of size and mass parameters characterizing the different CggR/DNA complexes are summarized in [Table 1](#T1){ref-type="table"}. Altogether, these data establish that (i) in the absence of FBP, two CggR dimers associate in a similar way with either the full-length *O*~LR~ operator or two *O*~R~ right half-operators in order to form a tetramer/DNA complex (4:1 CggR/*O*~LR~ or 4:2 CggR/*O*~R~, respectively), and (ii) in the presence of FBP the 4:2 CggR/*O*~R~ dissociates into a dimeric 2:1 CggR/*O*~R~ complex while the tetrameric 4:1 CggR/*O*~LR~ complex is preserved but adopts a more extended conformation. Based on this information, we attempted the construction of rigid-body models fitting the SAXS data of the different CggR/DNA complexes and using the program SASREF ([@B48]) as described in the experimental section.

Models of the CggR dimer bound to a 23-bp DNA fragment corresponding to the *O*~R~ right half-operator were first generated with SASREF fitting the scattering data of the FBP-bound 2:1 CggR/*O*~R~ complex. For this purpose, two monomer units from the rdCggR crystal structure ([@B22]) were automatically attached and rotated at the C-terminal ends of atomic models of the CggR wH DBD (whCggR). Three different models of the dimeric whCggR/*O*~R~ complex were used, derived from PDB templates showing different position and orientation of the wH motifs on the DNA double helix. Satisfactory results were obtained only for the rigid-body models derived from OhrR (PDB ID: 1Z9C), which belongs to the same MarR superfamily as whCggR ([@B45]). These models consistently showed the two rdCggR domains as independent modules not directly interacting with each other ([Figure 4](#F4){ref-type="fig"}A), although their relative distance and orientation could vary. Figure 4.SASREF rigid body models and their fit (magenta line) to experimental SAXS data (dots) of the CggR complexes with the half-site operator DNA *O*~R~ (**A** and **D**) or the full-length operator *O*~LR~ (**B** and **C**) and in the presence (A and B) or absence (C and D) of FBP. The 1Z9C-derived models of the dimeric or tetrameric N-terminal wH domain of CggR (whCggR) bound to the *O*~R~ or *O*~LR~ dsDNA are colored in dark blue, with the DNA shown as sticks and the whCggR dimers in surface representation. Red, cyan, yellow and green molecular surfaces represent the rdCggR that moved as independent units during rigid body modeling by SASREF ([@B48]). The experimental chi value (*χ*~e~) of the fitting curves given by SASREF as well as the theoretical gyration radius (*R*~g~) and Stokes' radius (*R*~s~) of the models calculated by HYDROPRO ([@B49]) are indicated in the bottom-left corner of the graphics. Shown here are representative examples of at least 10 different models generated automatically for each complex, combining one of the best fit and agreement with experimentally determined size parameters given in [Table 1](#T1){ref-type="table"}. Two orientations of the dimeric complex are shown in (A). Panels (C) and (D) purposely exemplify two different models that fit equally well the SAXS data of the tetrameric complex in the absence of FBP.

Modeling of the tetrameric CggR/DNA complexes was then pursued with four rdCggR monomers attached to the 1Z9C-derived whCggR dimer tandemly repeated onto a 45-bp *O*~LR~ DNA. In the case of the CggR/*O*~LR~ complex in the presence of FBP, the best fitting SASREF models always exhibited the four regulatory domains as non-interacting subunits, resulting in a fully extended structure ([Figure 4](#F4){ref-type="fig"}B). In contrast, the different models obtained by fitting the scattering data of the FBP-free CggR/*O*~LR~ or CggR/*O*~R~ complexes presented a much more compact structure, as exemplified in [Figure 4](#F4){ref-type="fig"}C and D. Although several solutions could be found that fit equally well the experimental data, a common feature was the bringing together of three or four regulatory subunits forming a compact central core that bridges the two whCggR dimers bound to the two half-operator sites. We conclude that such protein--protein interactions constitute the physical basis for the cooperative binding of the CggR tetramer to its tandem half-operator sites and that the inducer metabolite FBP disrupts these interactions.

DISCUSSION
==========

An integrative approach for characterizing protein/DNA complexes
----------------------------------------------------------------

In this study, a combination of biophysical methods has been applied to characterize CggR/DNA complexes and elucidate the structural mechanism underlying the transcriptional regulation of central glycolytic genes in *B. subtilis*. Left unrevealed until the present study were the molecular forces responsible for the inducer-modulated cooperative formation of the repressor/operator complex. Here we provide experimental evidence showing that the cooperativity of the CggR/DNA assembly arises from dimer/dimer interactions linking the protein subunits bound at the two half-operator sites and that FBP disrupts these interactions. Based on this finding, we propose here below a regulation model which integrates not only the results of SEC, SAXS, FCCS and noncovalent MS experiments performed in the present work, but also information gathered from previous genetical, biochemical and other biophysical studies on this transcription factor since its identification ([@B14],[@B15],[@B17],[@B18],[@B22],[@B25],[@B26],[@B56]). This combination of techniques provided an ensemble of complementary and sometimes overlapping data that together strengthen the conclusions and the proposed regulation model. For instance, by combining analytical centrifugation and time-resolved fluorescence anisotropy experiments, we had previously showed that the effector ligand FBP does not change the final stoichiometry, but rather the hydrodynamic properties of the CggR/*O*~LR~ operator complex ([@B25]). This finding was confirmed and refined here through the precise determination of the complex MW by noncovalent MS and the estimation of the particles size and shape parameters by SEC and SAXS ([Table 1](#T1){ref-type="table"}). Recently, we also performed traveling-wave ion mobility MS experiments that evidenced further and quantified the conformational changes undergone by the CggR/*O*~LR~ complex, revealing a 5% increase of its rotationally averaged collision cross section upon FBP binding ([@B35]).

Such an integrative approach presents an overwhelming advantage when attempts to obtain crystals of protein/DNA complexes remain unsuccessful, as this is the case for CggR and many other modular regulatory proteins. The conformational changes and domain motion on which rely most signal transduction processes are often responsible for the difficulties in solving 3D structures and capturing different active states of transcription factors. Although no detailed structural data are yet available for full-length CggR, alone or in complex with DNA, the low-resolution rigid-body models we obtained by fitting our SAXS data give a fairly good view of the repressed and induced form of the repressor/operator complex in solution. Further refinement of these models would require more information on the different protein/DNA complexes, including the precise position and relative orientation of the whCggR domains on both the *O*~R~ and *O*~L~ DNA targets, the actual symmetry of the complexes, the possible bending and/or distortion of the DNA double helix, the positioning and flexibility of the linker, etc. For this purpose, the combination of small-angle X-ray and neutron scattering data would be of particular interest ([@B29]).

Cooperativity-based regulation model
------------------------------------

Together with previous results, the present study allows us to propose a structural mechanism of CggR-mediated regulation of the *gapA* operon ([Figure 5](#F5){ref-type="fig"}). When *B. subtilis* cells are grown on a non-glycolytic carbon source, the intracellular concentration of FBP is low and the expression of the *gapA* operon is repressed through the cooperative binding of a compact CggR tetramer to the tandem *O*~L~ and *O*~R~ operator sequences. Given the position of these sequences (starting 25-bp downstream of the transcriptional start and ending 23-pb upstream of the start codon of *cggR*, the first gene of the *gapA* operon), the most likely mechanism by which CggR interferes with the transcriptional activity of the RNA polymerase is by a so-called 'road-block' mechanism. In absence of inducer, the CggR/operator DNA complex is stabilized by both the free energy of protein--DNA interactions and the coupled free energy of the CggR dimer--dimer interactions, leading to a very stable tetramer/DNA complex exhibiting a very low off-rate, and hence efficient repression of transcription ([Figure 5](#F5){ref-type="fig"}A). Induction of the *gapA* operon occurs in the presence of glucose or other rapidly metabolized carbohydrates that activate glycolysis and raise the FBP intracellular concentration. Upon inducer binding, the interactions that maintain the CggR tetramer in the repression complex are disrupted, i.e. the coupling between protein--protein and protein--DNA interactions is abolished, and the CggR dimers bound to each half-operator behave as separate entities. This decreases the overall CggR/operator complex stability and hence increases the off-rate. This increased probability for CggR dissociation affords a larger window of opportunity for the RNA polymerase to transcribe through the first then the second operator half site ([Figure 5](#F5){ref-type="fig"}B). According to this mechanism, the sequence of the operator half site plays a significant role. Indeed, the *O*~L~ half-site, situated on the 5′-side of the operator where the transcribing RNA polymerase arrives, is of much lower affinity than the *O*~R~ right half-site ([@B25]). Hence, the major rate limiting step for the polymerase under inducing conditions will be the dissociation of a CggR dimer from the *O*~R~ right half-site, compared to waiting for the dissociation of the tetramer from the full-length operator in absence of inducing sugar. Figure 5.Structural mechanism for CggR-mediated regulation of the *gapA* operon. In the proposed model, transcriptional regulation by the CggR repressor and its inducer metabolite FBP is achieved by modulating the extent of cooperative interactions rather than simply DNA binding. (**A**) In the absence of glucose or other carbon sources producing high levels of FBP, CggR interacts as a dimer of dimers bridging the two half-sites of the *gapA* operator region. This tetrameric assembly can efficiently block the progression of the RNA polymerase, thereby leading to the arrest of transcription. (**B**) In the presence of glucose, the raise of FBP intracellular concentration provokes the disruption of dimer--dimer contacts through inducer binding to the low-affinity sugar-binding site of the CggR repressor. CggR dimers can still bind independently to each half-operator, however with much lower affinity for the left (5′) half-site than for the right (3′) half-site. This provides a higher opportunity for the transcribing RNA polymerase to read through the first then the second half-site, thereby leading to transcription of the downstream coding sequences.

The finding that CggR-mediated regulation of the *gapA* operon is based on the extent of cooperative protein--protein interactions rather than direct DNA binding may have a biological significance with respect to the adaptive response. Indeed, as soon as the concentration of FBP increases to a value signaling the presence of a preferred carbon source, disruption of the tetrameric CggR assembly will immediately permit read-through by the RNA polymerase even if repressor molecules can still bind to the *gapA* operator region. Hence transcription can take place even at relatively high repressor concentration. Conversely, when glycolytic nutrients are exhausted and FBP concentration drops, the regain of cooperativity will rapidly re-associate the regulatory subunits and maintain the repressive tetramer even at very low protein concentration. Such a cooperativity-based regulation mechanism might be of particular importance in the case of CggR, which represses the expression of its own gene and whose synthesis and stability is also dependent on differential mRNA processing and structural co-factor binding ([@B26],[@B56]).

CggR is now by far the best characterized member of the SorC family of transcription factors. Its role in the regulation of essential glycolytic genes makes this repressor of particular interest for a global understanding of carbon and energy fluxes in the bacterial cells. Several lines of evidence suggest that the cooperativity-based regulation mechanism proposed for CggR applies also to other SorC-type regulators, even from different subclasses. The *B. subtilis* DeoR repressor, the only other member of this family for which the DNA-binding site has been identified ([@B24]), also interacts as a tetramer and in a cooperative manner with its operator DNA whose structural organization presents striking similarities with that of CggR ([@B21],[@B25]). Recently, the sorbitol operon regulator SorC from *K. pneumoniae* was successfully crystallized in its full-length form and revealed a tetrameric structure that could be regarded as a dimer of two asymmetric dimers with the putative sugar-binding site located near the dimer--dimer interface ([@B23]). In this structure, the N-terminal DBDs protrude from each side of the tetrameric core, formed by the sugar-binding domains, and their position is compatible with DNA binding at two distinct sites separated by about two helix turns (∼70 Å). Based on these observations and the structural similarities between SorC and CggR, a transcriptional regulation mechanism was proposed for the sorbitol (*sor*) operon, in complete agreement with the one elaborated previously for the *gapA* operon and corroborated by the present experimental results. Regulation by a cooperativity-based rather than an affinity-based mechanism as proposed here could also account for the ability of SorC to act both as a repressor and an activator of the *sor* operon. In its compact tetrameric state, SorC could prevent transcription initiation or elongation, whereas in its induced dimeric state it could recruit the RNA polymerase and activate transcription. If so, the structural basis of this regulatory system would in some way resemble that recently elucidated for the genetic switch that governs the expression of restriction-modification genes ([@B9]).

Evidence for two FBP-binding sites in CggR
------------------------------------------

This work also brings further support to the peculiar feature of CggR to possess two binding sites for its effector sugar FBP ([@B26],[@B25]). The relative high resolution of the noncovalent mass spectra obtained at 30 µM FBP revealed the possible liganding of two inducer molecules per CggR monomer unit whereas no more than one sugar adduct could be detected in case of F6P, GBP and F1P under identical conditions \[[Figure 3](#F3){ref-type="fig"}, ([@B35])\]. The fact that such distinct effects are observed between FBP and other phospho-sugars suggests that the multiple binding events observed with FBP results from specific association in solution, and not from any artifact of the technique. All the other tested sugars bind to a lower extent than FBP and without inducing the dissociation of the tetrameric CggR/*O*~R~ assembly. Previous fluorescence anisotropy studies ([@B18]) as well as crystallographic studies and mobility shift assays ([@B22]) have shown that CggR can indeed interact with a variety of phosphorylated carbohydrates structurally related to FBP but with no inductor effect. Together these results corroborate our previous proposal for the existence of two different sugar-binding sites in CggR, one of high affinity for FBP where other phosphorylated compounds can bind without triggering the induction response, and the other of lower affinity where only FBP can bind efficiently and prevent CggR/DNA cooperative interaction ([@B26]). FBP bound at the high affinity site (*K*~D~ ∼ 4--7 µm) was shown to play the role of a structural co-factor, protecting CggR against aggregation and proteolysis ([@B26]). Interestingly, a similar stabilizing effect was observed for other phosphorylated glycolytic intermediates ([@B22]). In the different liganded structures of the rdCggR recently reported ([@B22]), all the phosphorylated compounds (including FBP and F6P) co-crystallized at the conserved sugar-binding site that corresponds to the substrate binding site of the NagB enzymes from which rdCggR probably evolved ([@B18]). It can thus be inferred that under the conditions used for noncovalent MS, F6P and GBP bind at this conserved site only whereas FBP binds also at a secondary site, where it provokes the disruption of dimer--dimer interactions. As suggested by our previous studies ([@B18]), other phospho-sugars such as F6P could eventually bind also at this site, albeit with much lower affinity than FBP and therefore at concentrations that are unlikely to be reached in the bacterial cell. The location of this second, inducer-specific binding site remains unknown since in the FBP co-crystal structure ([@B22]), only one FBP molecule was observed per crystallographic dimer of rdCggR. In this structure, FBP is bound at the conserved sugar-binding site of one protein subunit, the binding site of the other subunit being occupied by a triose phosphate ligand that co-purified with the protein. It is thus unlikely that this structure represents the induced form of rdCggR.
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[^1]: Stokes' radius *R*~s~ determined by SEC; radius of gyration *R*~g~, maximum diameter *D*~max~ and excluded (Porod) volume *V*~p~ determined by SAXS; molecular mass determined by noncovalent nanoESI-MS. ^a^Mean value of the predominant species. Theoretical MW of CggR = 38 781 Da, *O*~LR~ = 27 679 Da, *O*~R~ = 14 087 Da, FBP = 340 Da.
